The goal of these studies was to determine the association between cardiovascular autonomic neuropathy (CAN) and indices of left ventricle (LV) structure and function in patients with type 1 diabetes (T1DM) in the DCCT/EDIC (Diabetes Control and Complications Trial /Epidemiology of Diabetes Interventions and Complications) study.
Cardiovascular disease (CVD) is a major cause of mortality among patients with type 1 diabetes (T1DM). In T1DM, left ventricular (LV) dysfunction may precede or occur in the absence of coronary artery disease or hypertension, often seen in the setting of a normal ejection fraction (EF) (1) (2) (3) (4) , and its pathophysiology remains unclear. Diastolic dysfunction, characterized by impairment in LV relaxation and passive filling, was reported as the earliest manifestation of diabetic cardiomyopathy (2, 5) . Our group has found that diastolic dysfunction detected early in the course of T1DM is correlated with abnormal cardiac sympathetic function as assessed by cardiac sympathetic imaging (4) . Cardiovascular autonomic neuropathy (CAN) complicates T1DM and is an independent predictor of mortality in affected patients (6 -8) . Despite the frequent cooccurrence of these cardiac complications (4), whether there is a relationship between CAN and LV dysfunction in T1DM has not been clearly determined.
The development and progression of CVD and CAN in patients with T1DM has been a focus of the DCCT (Diabetes Control and Complications Trial)/EDIC (Epidemiology of Diabetes Interventions and Complications) study since its inception (9) , and many factors associated with the risk of cardiovascular events in T1DM have been examined in EDIC prospectively (9) .
In addition, DCCT/EDIC was the first large study to use cardiac magnetic resonance imaging (CMRI) to assess myocardial structure and function in patients with T1DM, the reference standard for assessment of LV structure and function (10) . The most recent CAN evaluations were obtained during DCCT/ EDIC years 13 to 14 and 16 to 17, and CMRI evaluations were obtained during DCCT/EDIC years 14 to 16. These evaluations provided us with a unique opportunity to explore the relationship between CAN and LV structure and function in this wellcharacterized cohort of patients and to gain new insights into the mechanisms underlying myocardial dysfunction in T1DM.
Methods
Subjects. DCCT and EDIC have been described elsewhere (11) (12) (13) . Briefly, 1,441 subjects with T1DM for 1 to 15 years with no (primary prevention cohort) or minimal (secondary intervention cohort) diabetic retinopathy were enrolled in DCCT. Subjects were randomly assigned to either intensive or conventional treatment and were followed for 3 to 9 years (mean 6.5 years) (12) . At the end of DCCT, intensive therapy was recommended for all subjects, subjects in the conventional treatment group were trained in intensive therapy, and all subjects returned to their own healthcare providers for diabetes care. Annual EDIC examinations began in 1994, 1 year after completion of the DCCT, and 1,375 (96%) of former DCCT subjects consented to participate in EDIC. A detailed description of EDIC study procedures and baseline characteristics has been published (11) . During EDIC, clinical and biochemical endpoints were obtained annually by history, physical examination, and laboratory testing (13) . Glycosylated hemoglobin (HbA 1c ) and blood pressure (BP) were measured annually, and lipid profiles and urinary albumin excretion rates (AER) were obtained on alternate years. DCCT/ EDIC procedures were approved by institutional review boards of all participating centers. Written informed consent was provided by all participants.
CMRI with contrast (gadolinium) was performed during EDIC years 14 to 16, and CAN evaluations were performed during EDIC years 13 to 14 and again during years 16 to 17. Among the surviving EDIC cohort at year 14, 1,259 with no gadolinium contraindications were eligible for CMRI, and 1,122 (89%) consented to the procedure (Fig. 1) . Ninety-four subjects were excluded because of contraindications to the examination (e.g., claustrophobia, metal in the orbit), and 11 subjects had CMRI examinations of insufficient quality for analysis, yielding a completion rate of 81% (1,017 of 1,259).
CAN testing was performed in 1,226 subjects during years 13 to 14 and in 1,185 subjects during years 16 to 17 of EDIC. Subjects who experienced hypoglycemia after midnight (blood glucose Յ50 mg/dl or signs/symptoms of hypoglycemia [n ϭ 4]) and subjects with acute illnesses 48 h before testing (n ϭ 1) were excluded from CAN testing. Subjects with proliferative retinopathy, recent history of laser therapy or vitrectomy, and/or no eye examination in the last 4 years (n ϭ 34) and those who could not perform the required forced expiration (n ϭ 25) were excluded from the Valsalva maneuver (Fig. 1) . CMRI Protocol. Among 25 scanning centers, 11 centers used Siemens 1.5-T magnetic resonance imaging (MRI) scanners (Siemens, Munich, Germany), 10 used General Electric scanners (GE Healthcare, Chalfont St Giles, United Kingdom), and 4 used Philips MRI scanners (Philips Medical Systems, Best, the Netherlands). CMRI examinations included short-and long-axis cine images for LV function, myocardial tagging for regional function, and delayed gadolinium images for myocardial scar. The protocol used localizing images, followed by horizontal and vertical long-axis cine images obtained using an electrocardiogram-gated steady-state free precession (SSFP) pulse sequence with temporal resolution Յ50 ms, spatial resolution Ͻ1.4 ϫ 1.8 ϫ 8 mm, and 2-mm gap between short-axis slices. Short-axis cine SSFP images were obtained beginning 1 cm above the mitral valve plane and extending to the apex of the LV. The temporal resolution for all SSFP cine images was Յ50 ms with 30 reconstructed cine phases. All images were obtained during breath holding at resting lung volume. CMRI studies were read at the Johns Hopkins Hospital by readers masked to all clinical and laboratory data. Short-axis cine images were analyzed using QMASS software (version 6.0, Medis, the Netherlands). LV contours were checked by a senior cardiac trained MR physician with 15 years' experience. The endocardial and epicardial borders of the LV were outlined at end-diastole and end-systole on short-axis cine images. The papillary muscles were included in the left ventricular end-diastolic volume (LVEDV) and left ventricular end-systolic volume (LVESV), and excluded from the LV mass. Re-reads of LV mass and volumes were performed for 100 randomly selected studies to calculate intraclass correlations. The quality of each series of the CMRI exams was subjectively scored by the reading center as 0 to 2, with 0 indicating nondiagnostic, 1 acceptable, and 2 good quality. An overall examination quality score was given by averaging the scores of the individual series. The mean quality score was 1.8 Ϯ 0.2.
LVEDV and LVESV were calculated using Simpson's rule (summation of areas on each separate slice multiplied by the sum of slice thickness and image gap). LV mass was determined by the sum of the myocardial areas (the difference between endo-and epicardial contours) multiplied by slice thickness plus image gap in the end-diastolic phase multiplied by the specific gravity of myocardium (1.05 g/ml). Left ventricular stroke volume (LVSV) was calculated as the difference between LVEDV and LVESV. LV EF was calculated as LVSV divided by LVEDV multiplied by 100 (percent). The mass-to-volume ratio was calculated as LVDM divided by LVEDV. Cardiac output was calculated as LVSV multiplied by the heart rate. Assessment of CAN. Standardized CAN evaluations (R-R response to paced breathing [R-R variation], Valsalva maneuver, and postural changes in BP) were performed as described (14, 15) (Fig. 2) . Before CAN testing, all subjects were asked to fast, avoid caffeine and tobacco products for 8 h before the test, and hold all prescription and over-thecounter medicines (except for basal insulin) until testing was completed (14, 15) . CAN testing was performed with Hokanson ANS2000 devices (Hokanson, Bellevue, Washington), and results were analyzed at a single reading center. All CAN measurements were reviewed by a single masked investigator (P.A.L.), who determined whether the technical quality of the recording and conditions of the test met study criteria. Intrasubject reproducibility of the CAN tests was evaluated using same-day, test-retest on a random subset of 185 subjects across EDIC sites, and revealed high test-retest correlations for R-R variation and Valsalva (kappa ϭ 0.7766 and 0.8034, respectively, p Ͻ 0.0001 for both).
CAN was defined as either an R-R variation Ͻ15 (abnormal R-R) or a composite CAN index that included R-R variation Ͻ20 plus Valsalva ratio Ͻ1.5 or a decrease of Ͼ10 mm Hg in diastolic blood pressure (DBP) upon standing (CANϩ) (DCCT original definition) (14, 16) . Statistical analyses. Data entry, management, and analyses were performed at the DCCT/EDIC Data Coordinating Center using SAS version 9.2 statistical analysis software (Cary, North Carolina).
Demographic and clinical characteristics were compared using the Wilcoxon rank sum test to evaluate group differences (normal vs. abnormal CAN) for ordinal and numeric variables. The contingency chi-square test was used for categorical variables.
Separate multivariate linear regression models were used to calculate the least square means of LV function after adjusting for age, sex, DCCT cohort assignment (primary/ secondary), and machine type. Means and standard errors were compared for subjects with normal versus abnormal R-R variation or CAN. Additional models adjusted for height, weight, smoking, alcohol use, systolic blood pressure (SBP), high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, and HbA 1c . Cardiac output models were further adjusted for resting heart rate.
Regression estimates and standard errors present the change in LV function per unit change in the independent variable of interest. The proportion of variability explained in the reduced model with only the CVD risk factors as predictors was compared with the proportion of variability 
Results
A description of CMRI measurements in EDIC participants and their relationship to CVD risk factors has been published (17) . This analysis included 966 T1DM subjects with concomitant CMRI and CAN measurements. The demographic and clinical characteristics of this middle-age cohort (mean age 51 Ϯ 7 years, 52% males) are shown in Table 1 . Hypertension (defined as SBP Ն140 mm Hg/or DBP Ն90 mm Hg or use of antihypertensive agents) was present in 64% of subjects, smoking was reported by 11%, mean LDL cholesterol was 108 Ϯ 20 mg/dl. Nonparticipants, including those who died, did not differ from participants in most characteristics (Online Table 1 ).
There were 371 subjects with CANϩ and 315 subjects with abnormal R-R variation only. As shown in Table 1 , CANϩ and abnormal R-R subjects were more likely to be older, in the secondary prevention cohort, have longer diabetes duration, and have higher HbA 1c , albumin excretion rate (AER), SBP, LDL cholesterol levels, and resting heart rate.
The association between indices of CAN (CANϩ and abnormal R-R variation) and CMRI indices are shown in Table 2 . In a model adjusted for age, sex, cohort assignment (primary/secondary), and machine type, cardiac parameters of systolic function (EF, LVESV, LVEDV, and stroke volume) were not different in subjects with CAN compared with subjects without CAN. However, CANϩ subjects or those with abnormal R-R variation had higher LV mass and mass-to-volume-ratios compared with subjects without CAN (p Ͻ 0.0001 for all), changes consistent with LV concentric remodeling ( Table 2) . Subjects with abnormal R-R variation and CANϩ subjects also had significantly higher cardiac output (p Ͻ 0.0001). To evaluate whether CAN is an independent risk factor for the changes in LV mass and geometry, the model included the weighted mean HbA 1c during DCCT/EDIC, and other covariates (height, weight, current smoking, current alcohol use, mean SBP, mean HDL, and mean LDL) previously shown (17) to be associated with CMRI-derived measures of LV structure in the EDIC participants. In this multivariate analysis, subjects with abnormal R-R variation had significantly higher LV mass and cardiac output compared with those with normal Values are least square mean Ϯ SE, adjusted for concurrent age, sex, cohort assignment (primary/secondary), and machine type. CANϩ included R-R variation Ͻ20 plus Valsalva ratio Յ1.5 or a decrease of Ͼ10 mm Hg in DBP upon standing as defined in Methods. DBP ϭ diastolic blood pressure; LV ϭ left ventricular; other abbreviations as in Table 1 .
R-R (Table 3) . Cardiac output remained significantly higher in subjects with an abnormal R-R variation and CANϩ after adjusting for resting heart rate (p ϭ 0.003 and p ϭ 0.01, respectively; data not shown). The associations between CANϩ and LV mass and mass-to-volume ratio were no longer significant. The effects of CAN on LV function were not different in men versus women.
To better understand these findings, we performed multivariable analysis to evaluate the proportion of variability explained by CVD risk factors and to define how the addition of CAN measures into the model affects the change in risk for the CMRI indices of LV structure and function. Table 4 shows the proportion of variability associated with 9 CVD factors on those CMRI indices that were different in participants with CAN compared with participants without CAN, and the effect of the R-R variation on the absolute change in R 2 . The full model also adjusted for height and weight.
Adding R-R variation improved the performance of the model for all indices of LV structure and function. R 2 increased by 11.4% for cardiac output, and 8.5% for LV mass. Similar results were observed with the composite CAN (not shown). Before adding R-R variation into the model, mean SBP, mean HbA 1c , and smoking accounted for most of the 20% variability in the LV mass-to-volume ratio. Abnormal R-R variation was associated with an ϳ3.3-g higher LV mass compared with normal R-R, which was higher than the LV mass change observed with the increase per mean unit SBP. To account for the possible impact of drugs used as part of the standard of care in T1DM on CVD risk factors, we added beta-blocker and angiotensinconverting enzyme inhibitor (ACEi)/angiotensin receptor blockers (ARBs) use to these models and found no significant effects (Online Table 2 ). Similarly, we found no significant interactions between diabetes duration and age on the relationship between CAN/R-R variability and CMRI findings.
Discussion
This study examined the association between CAN and indices of LV structure and function as assessed by CMRI Tables 1 and 2 . Table 4 CVD ϭ cardiovascular; prim ϭ primary;. scnd ϭ secondary; SBP ϭ systolic blood pressure; other abbreviations as in Tables 1 and 2 .
Multivariable Analysis of R-R Variation and CVD Risk Factors in Relation to LV Function
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Autonomic Neuropathy and LV Dysfunction in Diabetes in patients with T1DM. No significant differences in EF and other indices of LV function were observed between participants with and without CAN. However, the presence of CAN was associated with higher LV mass and structural changes, suggesting concentric remodeling. Measures of CAN were also associated with higher cardiac output. Several studies (1, 2, 4, 5, 18) have reported that myocardial dysfunction may occur in the absence of coronary artery disease among patients with T1DM. Alterations of diastolic (2, 4, 5) and systolic (19) function are reported in otherwise healthy diabetic subjects, and often predate the development of macrovascular complications. This could suggest either direct metabolic effects on the heart, the contribution of microvascular disease (20) , or the effects of other factors, including CAN. In prior smaller studies, we and others have found associations between CAN and diastolic dysfunction in patients with T1DM (2,4,5,21). Sacre et al. (3) reported that in patients with T2DM, measures of both systolic and diastolic function were associated with measures of CAN. In a more recent study, Dinh et al. (22) found that among subjects with T2DM or impaired glucose tolerance referred for elective coronary angiography, subjects with CAN had a higher prevalence and a more severe form of LV diastolic dysfunction, independent of the presence of coronary artery disease or other covariates.
Diastolic dysfunction, characterized by impairment in LV relaxation and passive filling, is considered to be the earliest manifestation of diabetic cardiomyopathy (2, 5) . Although direct indices of diastolic function were not available for this analysis, our data demonstrate that abnormalities in R-R variation, arguably the most sensitive index of cardiovascular autonomic dysfunction, and the composite index of CAN were strongly associated with an increased LV mass and evidence of concentric hypertrophy in subjects with normal EF. The pattern of LV concentric remodeling (23, 24) was shown to carry an increased risk for CVD events (25) , independent of LV hypertrophy (24) .
Increased LV wall thickness and LV hypertrophy are described as causes of diastolic dysfunction and are, in general, due to myocardial structural changes, including altered or increased extracellular matrix collagen content and post-translational modification of structural cardiomyocyte proteins (26) .
Excessive sympathetic activation, which is described in the early stages of CAN in diabetes due to an initial predominant parasympathetic denervation (7, 27) , may also promote LV hypertrophy through its impact on sympathovagal balance and baroreflexes. The cardiovascular reflex tests used to assess CAN in this study are essentially measures of cardiovagal function, and some have argued that impaired heart rate variability as measured by timeand-frequency domain indices may be more sensitive. However, studies that assessed the diagnostic accuracy against the reference standard of cardiovascular reflex tests found only fair agreement (28) .The vagal component of the baroreflex is a major protective mechanism that adjusts heart rate, stroke volume, and BP to minimize myocardial stress. A depressed baroreflex is associated with an unopposed sympathetic tone, increased SBP (29) , LV wall stress, and subsequent LV hypertrophy and increased risk of heart failure and CVD (30 -32) . Although baroreflex sensitivity was not directly measured in this study, several studies have reported early impairment of baroreflex sensitivity in patients with diabetes (33, 34) . Sympathetic activation associated with earlier stages of CAN may also promote myocardial injury and LV remodeling via abnormal myocardial norepinephrine signaling, catecholamine toxicity (35) , oxidative stress-induced myocardial cytotoxic effects (36), calcium-dependent apoptosis, and myocardial fibrosis (36 -38) .
Increased LV mass is associated with incomplete ventricular relaxation, a clinical variable of diastolic dysfunction, in patients with normal EF (39) . With incomplete relaxation, the myocardium remains in an activated state that can be described as a partial diastolic contracture. Traditionally, incomplete relaxation was believed to be associated with either high-rate tachycardia or increased LV stiffness (39, 40) . CAN ϩ T1DM subjects had significantly higher heart rates than subjects without CAN. This may also contribute to incomplete relaxation in patients with LV hypertrophy compared with patients with normal LV mass (39) .
A stiff, noncompliant ventricle has been shown to be a determinant of the diastolic properties of the LV, including incomplete relaxation (41, 42) . Although the majority of patients with diastolic dysfunction and normal EF are asymptomatic at rest, symptoms may develop with exertion, stress, or tachycardia. Such patients are at risk for the development of acute-onset heart failure symptoms. Exercise intolerance is one of the first symptoms in patients with diastolic dysfunction and in patients with CAN. An increase in LV diastolic pressures and pulmonary venous pressures is 1 of the proposed mechanisms associated with exercise intolerance in patients with LV diastolic dysfunction with normal EF. These observations suggest possible differences in the components of diastolic dysfunction between rest and dynamic conditions, which may have clinical relevance.
LV hypertrophy, defined by increased LV mass, has been shown to be a powerful, independent predictor of CVD mortality (43) . Similarly, CAN has been shown to strongly predict CVD mortality in patients with diabetes (6, 44, 45) , independent of traditional CVD risk factors (6) . Therefore, the association of LV hypertrophy and CAN may contribute to increased mortality risk in these patients and may require more aggressive management of modifiable risk factors.
Acceptance of isolated diastolic dysfunction as the earliest (and primary) cardiac abnormality in patients with diabetes (18) might also reflect the insensitivity of commonly used indices for identifying earlier stages of abnormal LV systolic function. The ongoing evaluations with CMRI tagging techniques in the EDIC cohort will further elucidate the magnitude of changes on subclinical measures such as LV torsion and strain in this cohort of patients with T1DM.
A strong association was found between measures of CAN and higher cardiac output. Cardiac output is controlled by chronotropic and inotropic cardiac adaptive mechanisms, and is modulated by autonomic tone and innervation of the heart (46, 47) . Thus, the higher resting heart rate observed in subjects with CAN contributed to the higher observed cardiac output in these subjects. Differences in stroke volume associated with cardiac denervation and with changes in ventricular filling time (48) and baroreflex sensitivity (47, 48) may have also played a role. Increased cardiac output has been associated with high-output cardiac failure (49) through mechanisms that involve changes in systemic vascular resistance and neurohormonal activation (49) . Recent studies have also linked a high cardiac output to LV hypertrophy (50) . In our study, the presence of CAN was associated with both LV hypertrophy and higher cardiac output.
Study strengths include the large number of standardized, high-quality CMRI and CAN evaluations performed. Additionally, this cohort of patients with T1DM has been followed for more than 20 years and carefully characterized for many other cardiovascular risk factors and microvascular and macrovascular complications. Study limitations. The study is limited by its crosssectional nature, preventing analysis of any causal relationship between CAN and LV dysfunction. It is further limited by the lack of concomitant CMRI and CAN evaluations in ϳ20% of the EDIC participants.
Conclusions
In summary, in this cohort of patients with T1DM, the presence of CAN was associated with increased LV mass and with concentric remodeling as assessed by CMRI, independent of age, sex, and other traditional CVD risk factors. Because both LV hypertrophy and CAN have been associated with diastolic dysfunction and increased CVD mortality, patients with this combined phenotype may be at increased risk for CVD and may benefit from early and more aggressive risk factor management. Studies targeting aggressive risk factor management in this patient population are warranted. 
